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ECMWe characterized a medaka mutant, vertebra imperfecta (vbi), that displays skeletal defects such as
craniofacial malformation and delay of vertebra formation. Positional cloning analysis revealed a nonsense
mutation in sec24d encoding a component of the COPII coat that plays a role in anterograde protein
trafﬁcking from the endoplasmic reticulum (ER) to the Golgi apparatus. Immunoﬂuorescence analysis
revealed the accumulation of type II collagen in the cytoplasm of craniofacial chondrocytes, notochord cells,
and the cells on the myoseptal boundary in vbi mutants. Electron microscopy analysis revealed dilation of
the ER and defective secretion of ECM components from cells in both the craniofacial cartilage and notochord
in vbi. The higher vertebrates have at least 4 sec24 paralogs; however, the function of each paralog in
development remains unknown. sec24d is highly expressed in the tissues that are rich in extracellular matrix
and is essential for the secretion of ECM component molecules leading to the formation of craniofacial
cartilage and vertebra.k:AB546831), sec24b (DDBJ/
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The vertebra is a deﬁned feature of vertebrates. In birds and
mammals, sclerotomal cells originating from a portion of the somite,
migrate toward the notochord, differentiate into chondrocytes, and
form the model for the vertebrae and intervertebral disks. The
cartilaginous anlagen of the vertebral column are subsequently
replaced by bone through endochondral ossiﬁcation (Brand-Saberi
and Christ, 2000; Christ et al., 2004; Dockter, 2000). In the teleost, it is
believed that the mesenchymal cells of sclerotomal origin differen-
tiate into the osteoblasts that participate in the vertebra formation
and its segmented patterning. The teleost sclerotome constitutes a
very small portion of the somite, being located only at the
ventromedial edge; whereas the avian sclerotome constitutes a
signiﬁcant portion of the somite (Morin-Kensicki and Eisen, 1997;
Morin-Kensicki et al., 2002). Our previous study demonstrated that
sclerotome-derived cells actually participate as osteoblasts in the
secretion of the bonematrix and its mineralization. On the other hand,
isolated notochords secrete bone matrix in vitro, and ablation of
notochord cells prevents centrum formation (Fleming et al., 2004).Although, vertebra formation is a complex process that requires
coordination of multiple kinds of cells and a wide variety of
extracellular matrix (ECM), the molecular mechanism is not fully
understood. The recent establishment and the progress of genetic
studies on the medaka ﬁsh (Oryzias latipes) have proven the medaka
to be a useful model organism (Kimura et al., 2004; Naruse et al.,
2000;Wittbrodt et al., 2002). To investigate themolecular mechanism
of vertebra formation, we performed a medium-scale screening of
medaka mutants obtained by ENU mutagenesis, and isolated a
medaka mutant termed vbi (vertebra imperfecta) that displays
craniofacial cartilage malformation and delayed vertebra mineraliza-
tion. Positional cloning analysis revealed a nonsense mutation in
sec24d, which is the component of COPII-coated transport vesicles.
COPII-coated transport vesicles are responsible for the anterograde
protein trafﬁcking from the endoplasmic reticulum (ER) to the Golgi
apparatus; and the COPII coat in these vesicles is composed of at least
5 well-characterized proteins: Sar1, Sec23, Sec24, Sec13, and Sec31
(Antonny and Schekman, 2001; Barlowe et al., 1994). This COPII coat
formation is initiated by recruitment to the cytosolic surface of the ER
and activation of the small GTPase Sar1, which requires Sec12-
dependent GDP/GTP exchange. Activation of Sar1 is followed by
direct binding of the Sec23/Sec24 heterodimer (Hicke and Schekman,
1989; Yoshihisa et al., 1993). Sec23 has the Sar1 binding site, and
Sec24 plays a role in selection of cargo proteins for export from the ER
(Aridor et al., 1998; Miller et al., 2002; Pagano et al., 1999), resulting
in the binding of the Sar1 and Sec23/Sec24 complex to cargo proteins
that are coated by the Sec13/Sec31 complex (Matsuoka et al., 1998;
Stagg et al., 2006). Then, Sec 31 promotes coat polymerization and
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yeast, multi-cellular organisms have a wide variety of components of
the COPII coat due to divergence during the evolutionary process.
Recently, the functions of several components of COPII in multi-
cellular organisms have been reported. Mutations in 3 components of
the COPII coat have been found to cause 3 hereditary diseases,
respectively. That is, a missense mutation in SAR 1B, encoding one of 2
paralogous SAR 1 proteins in humans, causes chylomicron retention
disease (CMRD), which is characterized by failure of enterocytes to
secrete large lipoprotein particles (Jones et al., 2003). Another
missense mutation, this one in SEC23A encoding one of 2 paralogous
SEC23 proteins in humans, causes cranio-lenticulo-sutural dysplasia
(CLSD), which is characterized by facial dysmorphisms, skeletal
defects, late-closing fontanels, and cataracts (Boyadjiev et al., 2006;
Fromme et al., 2007). For the third disease, yet another missense
mutation, in SEC23B encoding the other paralogous SEC23 protein in
humans, causes congenital dyserythropoietic anemia II (CDA II), a
disease characterized by abnormality of bone marrow morphology
and anomalous erythrocyte membrane proteins (Schwarz et al.,
2009). In zebraﬁsh, a sec23a nonsense mutation and sec23b knock
down with morpholino antisense oligos cause defective craniofacial
chondrocyte maturation similar to that found in CLSD (Lang et al.,
2006). By contrast, it is reported that erythrocyte maturation is
affected only in sec23b knock down (Schwarz et al., 2009), suggesting
that sec23b has a non-redundant role in erythrocyte maturation;
although each sec23 paralog works in a coordinated manner in
chondrocytes maturation. These reports suggest the possibility that
COPII component usage varies according to tissue and cell type and
that each component has a specialized function in development and
organ homeostasis. The process of cargo selection is thought to be
facilitated by Sec24. A combination of structural, biochemical, and
genetic approaches has revealed a variety of amino acid motifs
speciﬁcally recognized by SEC24 and the presence of at least 3
independent signal-binding sites on the membrane-proximal surface
of SEC24 (Barlowe, 2003). Furthermore, variation of the SEC24 family
genes enhances the selectivity of the cargo protein. Iss1p and Lst1p,
which are distinct Sec24 family members in yeast, bind to the sorting
signals, which are different from those recognized by Sec24p
(Kurihara et al., 2000). In humans, 4 SEC24 isoforms exist, i.e.,
SEC24A, SEC24B, SEC24C, and SEC24D. Si RNA-based single or
combined silencing of SEC24 isoforms in HeLa cells has revealed a
correlation between isoform-selective transport and binding prefer-
ence of the signals for the corresponding isoforms (Wendeler et al.,
2007). Although studies about the structure and role of Sec24s in
COPII coat complex are progressing in yeast and in vitro, their role in
the development and maintenance of organ homeostasis within
entire multi-cellular organisms is not yet well understood.
In this study, the vbi medaka is viable for over 1 week post
hatching, which enables us to investigate the role of sec24d in
development and organogenesis. sec24d was expressed in the tissues
with cells surrounded by a ﬁbrous matrix such as notochord and
craniofacial cartilage, and type II collagen accumulated in the
cytoplasm of these cells in the vbi mutant. Our results indicate that
sec24d plays an important role in the secretion of ECM and
organogenesis of ECM-rich tissues such as vertebrate and craniofacial
cartilage.
Materials and methods
Medaka strains and mutant screening
The medaka (Oryzias latipes) strain Cab was used for all studies as
the wild-type. The ﬁsh were maintained in an aquarium system with
re-circulating water at 28.5 °C. Naturally spawned embryos were
obtained, incubated at 28 °C, and staged as previously described
(Iwamatsu, 2004). Eggs were maintained in medaka Ringer's solution(0.65% NaCl, 0.04% KCl, 0.011% CaCl2, 0.01% MgSO4, 0.01% NaHCO3,
0.0001% methylene blue). Mutagenesis using N-ethyl-N-nitrosourea
(ENU)was performed according to a standard protocol established for
zebraﬁsh (Mullins et al., 1994; Solnica-Krezel et al., 1994; van Eeden
et al., 1999), with some modiﬁcations. The experimental condition
was previously described (Tanaka et al., 2004). In mutant screening,
embryos and larvae were observed for their mutant phenotypes
under a stereomicroscope at 3 different stages (3, 5–6, and 9–10 days
post-fertilization).
Skeletal staining
For cartilage staining with Alcian blue 8GX (Sigma), larvae were
ﬁxed with 4% paraformaldehyde (Sigma) in PBS at 4 °C overnight,
washed twice for 10 min each time in PBS containing 0.1% Tween
(PBST), and stained with Alcian blue solution (70% ethanol and 30%
acetic acid containing 0.1% Alcian blue) at room temperature
overnight. Larvae were hydrated by passage through a graded series
of PBS and decolorized in a solution of 1% KOH and 0.9% hydrogen
peroxide. Then the larvae were treated at room temperature for less
than 1 h with 0.1% trypsin (DIFCO) in a saturated solution (30%) of
sodium borate. The mineralized bone was stained with Alizarin red S
(Nacalai Tesque). For this staining, larvae were ﬁxed in a solution of
4% paraformaldehyde and 0.05 N sodium hydroxide at 4 °C overnight.
After a brief washing in PBST, the ﬁxed larvae were stained by
immersion in the Alizarin red solution (4% Alizarin red, 0.5%
potassium hydroxide) at room temperature for several hours or
overnight. Stained samples were stored in 80% glycerol and
photographed.
Positional cloning
The vbi heterozygous ﬁsh maintained on the southern Cab genomic
background were mated with the wild-type northern HNI ﬁsh to
generate F1 families. Embryos for the genetic mapping were obtained
from inter-crosses of the F1 vbi carriers. For establishment of the initial
genetic linkage, bulk segregant analysis was conducted on pools of
genomic DNA from the vbimutants andwild-type embryos by using the
sequence-tagged site (STS) markers on the medaka genome (Kimura
et al., 2004). The genetic interval was narrowed down by the analysis of
individual embryos by the use of additional STS markers,
MF01SSA048G02 and OLc0511b (Naruse et al., 2000), and a newly
designed restriction fragment length polymorphism (RFLP) marker,
Mn0075K22R , Mn0075K22F and sec24d [Mn0075K22R, 5′(-GGAGAA-
TAGTGCCTGTAGCC-)3′ and 5′(-ACTCGTCATGCTTTGCCATC-)3′;
Mn0075K22F, 5′(-GCTGTTAGGTTGCAATGTCG-)3′ and 5′(-GCAAAA-
CATCATGACAGGAGG-)3′; sec24d, 5′(-ACCCACGGCTCATTCCTCTG-)3′
and 5′(-CTGTCGACGTCCATGTTGTG-)3′]. cDNAs of sec24d from the vbi
mutants and the wild types were ampliﬁed in 4 groups of about 700–
1100 base pairs (bps) and the sequences veriﬁed. The N-terminal
sequence of sec24d cDNAwas identiﬁedby the5′ racemethod (Clontech
SMART™ RACE cDNA Ampliﬁcation Kit Cat. #634914). The nucleic acid
sequence of sec24d cDNA was deposited in the DDBJ/EMBL/GenBank.
Accession No. AB546834.
Whole-mount RNA in situ hybridization
Whole-mount RNA in situ hybridization using digoxigenin-labeled
antisense RNA probes was performed as previously described
(Inohaya et al., 1995; Inohaya et al., 1999) .To synthesize the probes,
we ampliﬁed the partial cDNA fragments of medaka sec24a, sec24b,
sec24c, sec24d, col2a1a and hsp47, by using the following sets of
oligonucleotide primers: sec24a-F, 5′(-AGTACTGTGACCTGG-
CATCTCTG-)3′ sec24a-R, 5′(-GTCCGCTCGTTGATGTTCAG-)3′ sec24b-F,
5′(-CTTCCTCACCTTCGACAGCAC-)3′ sec24b-R, 5′(-CACGTTGTTCTTG-
TAGGAGCTCAC-)3′ , sec24c-F, 5′(-TCCTGAACGACCTTAGACGAGAC-)3′
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GAAGATGACAAAGCCAAG-)3′ sec24d-R, 5′(-TGAACGACTGGAAGAT-
GAAGAGC-)3′,hsp47-F, 5′(-AGACAGACAGGATGTGGACGAC-)3′
hsp47-R, 5′(-AGACCAGTGCGATGCATCATAG-)3′, col2a1a-F, 5′(-AGAAA-
GAGGACAGAAGGGTCAC-)3′ col2a1a-R, 5′(-AGCCATCCTCCATCACACTG-)
3′. The nucleic acid sequence of these cDNAswere deposited in the DDBJ/
EMBL/GenBank (accession numbers AB546831, AB546832, AB546833,
AB546834, AB546835, AB546836).Immunohistochemistry and actin staining
Embryos were ﬁxed with 4% paraformaldehyde/PBS for 2 h. After
ﬁxation, the embryos were washed 3 times for 10 min each time with
MABT (100 mMmaleic acid and 150 mMNaCl, pH 7.5, containing 0.1%
Triton X-100 ) and subsequently withMABDT (MABTwith 1% BSA and
1% DMSO) twice for 30 min each time. After having been blocked with
2% lamb serum in MABDT, the embryos were incubated in the
blocking solution containing the primary antibody (1:200; anti-type II
collagen :Thermo scientiﬁc) overnight at 4 °C. They were next washed
withMABDT 3 times for 5 min each time, 4 times for 30 min each time
with 2% lamb serum in MABDT for blocking. Thereafter, the embryos
were incubated with the secondary antibody (1:1000; Alexa-568
conjugated anti-mouse IgG; Molecular Probes) overnight at 4 °C.
Finally, they were washed with MABT and observed with a confocal
microscope (Fluoview FV1000, Olympus). For actin staining, Alexa
Fluor 568 replaced the primary antibody in the above procedure, and
the embryos were observed by confocal microscopy after washing.Morpholino knock down of sec24d
For phenocopying vbi, we used morpholino antisense oligo (MO)
synthesized by Gene Tools, LLC. The sequence of the MO (5′
AAGTGAAAGGAAACTCACCGGATTTT 3′) was complementary to the
exon–intron boundary just upstream of the mutation point of vbi in
sec24d. MO was dissolved in RNase-free water to make a ﬁnal
concentration of 0.2 mM. Then, the solution was marked by phenol
red. The morpholino solution was injected into the blastomeres of the
wild-type cab strain at the one cell stage.Analysis by transmission electron microscopy
Some of 1 day post hatching WT and vb1 medaka were ﬁxed in a
mixture of 3% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.3), and further post-ﬁxed in 1% osmium
tetroxide in the same buffer containing 1.5% potassium ferrocyanide
before dehydration and embedding in epoxy resin (TAAB 812; TAAB
Laboratories, Aldermaston, UK). Ultrathin sections of the Epon-
embedded specimens were doubly stained with uranyl acetate and
lead citrate solutions, and examined with an H-7100 transmission
electron microscope (Hitachi, Tokyo, Japan) operated at an acceler-
ation voltage of 75 kV.Live imaging of sclerotome and mineralized tissues
For live imaging of sclerotomes in medaka larvae, twist-EGFP
transgenic homozygotes (Inohaya et al., 2007) were mated with vbi
heterozygotes. Then, the progenies were mutually mated, and twist-
EGFP-positive vbi homozygotes andWTwere obtained. For staining of
mineralized tissues in living larvae, the larvae were immersed in
0.02% alizarin complexon in medaka Ringer's solution for 1 h. After 3
washes with large volumes of medaka Ringer's, the larvae were
embedded in 1% low melting agarose and observed under a confocal
microscope (Fluoview FV1000, Olympus).ALP histochemistry
Larvae were ﬁxed in 4% paraformaldehyde overnight at 4 °C. After
having been washed in PBS, the specimens were dehydrated in
ethanol. Then, they were embedded in Technovit 8100. Sections were
cut at 5 μmwith an ultramicrotome (Leica Ultracut UCT), stained with
a mixture of 4-nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP), and counterstained with methylene blue.
Results
Vertebra defect in the medaka mutant vbi
To investigate the molecular mechanism of organogenesis in
vertebrates, we performed a medium-scale screening of medaka
mutants obtained by ENUmutagenesis, and isolated amedakamutant
termed vbi (vertebra imperfecta). Its primary features were a short
body length and a malformed head (Fig. 1A,B). We previously
reported regarding the manner of medaka vertebra formation that
the medaka vertebra is composed of 3 elements: the centrum, neural
arch, and hemal arch. Centrum mineralization starts at the anterior
part of notochord at 4 days post-fertilization (dpf). Themineralization
occurs in the acellular notochordal sheath surrounding notochord,
and expands according to development. Neural arch mineralization
starts from the anterior end of the anterior centra around 6 dpf (the
stage just after hatching) (Inohaya et al., 2007). To examine the
vertebrae, we performed Alizarin red staining of medaka larvae at
1 day post hatching (dph) to visualize the mineralized tissues. At
1 dph, although the centrum was mineralized in the wild-type (WT)
embryo (Fig. 1C), no mineralized tissues were observed in the trunk
region of the vbi one (Fig. 1D). To demonstrate whether this lack of
mineralization in vbi was caused by a delay in mineralization, we
performed Alizarin red staining at later stages. At 3 dph, partially
mineralized vertebra and neural arches were observed, although the
mineralized area was signiﬁcantly reduced in vbi (Fig. 1F). In the WT
embryo, mineralization of all neural arches started after the formation
of the centrum. In vbi, neural arch formation was initiated from
anterior, although mineralization of the centrum did not proceed
normally (arrowheads in Fig. 1F). These data indicate that centrum
formationwas severely disrupted in the vbimutant. At 7 dph in the vbi
embryo, most of the fundamental vertebra structure was ﬁnally
accomplished; although the centrumwas awkwardly shaped, and the
neural and hemal arches were kinked (Fig. 1G,H). Also, some of the
centra were partially fused (arrowheads in Fig. 1H). Thus, vbi
displayed osteogenesis imperfecta, a disorder accompanied by delay
of mineralization, especially in the centrum, and mild disturbance of
segmental patterning of the centra.
Craniofacial defect in medaka mutant vbi
To investigate the craniofacial skeleton, we stained 1 dph medaka
larvae with Alcian blue for visualizing cartilage (Fig. 2A). Pharyngeal
arches were existent, but each of them was small and kinked, in vbi
embryos (Fig. 2B). The anterior and posterior outer side layer of the
otic vesicles was absent in vbi (Fig. 2C,D), and the fundamental
neurocraniumwas formed; although a general reduction in the size of
each part was observed (Fig. 2E,F). Transverse sections of the head in
WT and vbi at 1 dph were stained with methylene blue, resulting that
the cartilaginous matrix was stained well, indicating a purple color in
the WT embryo (Fig. 2G). However, in the vbi one, the intensity of the
methylene blue stain wasmuch lower comparedwith that for theWT,
indicating that the cartilaginous matrix formation was defective
(Fig. 2H). Furthermore, each chondrocyte was round shaped and
oriented in a random fashion in vbi (Fig. 2J); in contrast, WT
chondrocytes were large, discoid-shaped, and oriented in a linear
manner (Fig. 2I). These data indicate that hypertrophy of
Fig. 1. Bone development in vbi. (A,B) Lateral views of larva ofWT (A) and vbi (B) at 1 dph. Arrowheads point to the lower jaw. Vbi displays headmalformation (arrowhead in “B”) and
a short body length (B). (C–H) Bony tissues were stained with Alizarin red. Lateral views of vertebra of WT and vbi larvae at various developmental stages are shown. (C,D) Lateral
views of WT (C) and vbi (D) at 1dpf. Centra were formed due to the segmental patterning, neural arches were formed at the anterior end of each centrum, and mineralization
progressed from anterior to posterior in WT (C). Mineralization of vertebra was not started at this stage in vbi (D). (E,F) Lateral views of WT (E) and vbi (F) at 3 dpf. Mineralization
occurred partially with disorder in vbi. The arrowheads point to neural arches that weremineralized prior to centrummineralization (F). (G,H) Lateral views ofWT (G) and vbi (H) at
7dpf, vbi displayed disrupted vertebramineralization. Neural arches and centrawere irregularly shaped. The arrowheads point to fused centra in vbi (H). Scale bars indicate 500 μm in
(A,B) and 100 μm in (C–H).
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chondrocyte maturation proceeds which is associated with hypertro-
phy (Hickok et al., 1998), our results suggest that maturation of
chondrocytes was also delayed in vbi.Fig. 2. Cartilage formation in vbi. (A–F) Craniofacial cartilage at 1 dph was stained with Alci
existent but insubstantial in vbi (B). Lateral views ofWT (C) and vbi (D) are shown. The anteri
Dorsal views of WT (E) and vbi (F) are shown. Neurocranium, orbit and epiphysis were fragil
and vbi (H) at 1 dph, and highly magniﬁed views (I,J) of the black boxed region in “G” and “H,
were sequentially present along the long axis of the skeleton inWT (G,I). Cartilage displayed
round and their alignmentwas disturbed in vbi (J). Abbreviations: bh, basihyal; cb1–5, ceratob
hs, hyosymplectic; m, Meckel's cartilage. Scale bars indicate 100 μm in (A–H), 50 μm in (G,Hsec24d is candidate gene for vbi
To identify the genomic mutation in vbi, we mapped the mutated
genomic position on the genetic linkage map by using sequence-an blue. Ventral views of WT (A) and vbi (B) are shown. All pharyngeal skeletons were
or and posterior outer side layer of the otic vesicle were absent in vbi (arrowhead in “D”).
y formed in vbi (F) compared with those inWT (E). (G–J) Transverse sections of WT (G)
” respectively, are shown. The sections were stained withmethylene blue. Chondrocytes
lower staining intensity withmethylene blue in vbi (H,J). The shape of chondrocytes was
ranchial; cbs, ceratobranchials; ch, ceratohyal; ob, orbit; ep, epiphysis; pc, parachordals;
) and 10 μm in (I,H).
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0.3 cM distance in Linkage Group (LG)18 (Fig. 3A). We then
sequenced RT-PCR fragments of candidate genes from vbi and WT
embryos, and found a nonsense mutation (Q to stop) in the open
reading frame of sec24d cDNA in vbi (Fig. 3B). Using both the
alignment of vertebrate SEC24D amino acid sequences and the 5′ race
method, we identiﬁed the medaka sec24d coding region sequence,
which encoded 3207 bp and a 1069-amino acid protein with a high
similarity to the mammalian SEC24D (61.6% identical to human and
59.0% identical to mouse SEC24D). Sec24d is a structural component
of the ER-derived COPII complex, which consists of 5 distinct
domains: a β-barrel, a zinc ﬁnger, an a/bvWA38 or ‘trunk’ domain,
an all-helical region, and a carboxy-terminal domain that closely
resembles the gelsolin module, as shown in Fig. 3C (Bi et al., 2002).
Thus, the 1-point mutation in vbi DNA (A to T), resulting in a
premature stop codon, caused truncation of the carboxy-terminal
domain. It was previously suggested that carboxy-terminal domain is
potential binding site on Sec24 for Sec31 in yeast (Bi et al., 2002).
Thus, it is conceivable that formation of the COPII coat complex is
disrupted, with the transportation of cargo proteins from the ER to the
Golgi being impaired.
Expression pattern of sec24d
To examine the expression pattern of sec24d, we performed
whole-mount RNA in situ hybridization on medaka embryos. sec24d
was already expressed at stage (st )11, which is the early blastula
stage (Fig. 3D), and strongly expressed in developing notochord at st
21 or the early somitic stage (Fig. 3E,F). At st 28, the expression in theFig. 3. Positional cloningof thevbi candidate geneandexpressionof sec24d. (A)Geneticmapof t
markers. (B) vbi had a C to T nonsensemutation in the sec24d gene. (C) sec24d protein is a comp
or ‘trunk’ domain, an all-helical region, and a carboxy-terminal domain. It is a 1069-amino a
protein. (D–K) Expression of sec24dmRNA. sec24d was already expressed at the blastula stage
expressed in the notochord (E,F). Dorsal (G) and lateral (H) views of embryos are also shown
bracket in “H”), and strongly expressed in the otic vesicles (arrow in “G” and “H”), progenito
(G). Dorsal (I) and lateral (J) views of embryos at st31 show that sec24d was strongly express
in the pectoral ﬁn was divided into the peripheral zone (arrow in “J”) and the endoskeletal d
sec24d was expressed at the myoseptal boundary (arrowheads) and in the membranous ﬁnnotochordwas restrictedwithin the posterior region andwas strongly
expressed in the otic vesicles, pectoral ﬁns, and progenitors of the
pharyngeal arches and head skeleton. Dot-like expression was
observed surrounding the notochord (Fig. 3G,H). At st 31, sec24d
was strongly expressed in the chondrocytes of the otic vesicles and
pharyngeal arches, endoskeletal disc and peripheral zone of pectoral
ﬁns, boundary of myotomes, and distal edge of the membranous ﬁn
(Fig. 3I,J,K). There are 4 sec24 paralogs, i.e., sec24a, sec24b, sec24c,
sec24d, in vertebrates . So we performed whole-mount RNA in situ
hybridization to investigate where other sec24 family genes are
expressed in medaka development. The other 3 sec24 family genes
were expressed ubiquitously or more broadly compared with sec24d
(Supplementary Fig. 1). It was previously suggested that notochord
and craniofacial cartilages are rich in extracellular matrices and that
their chondrocytes are highly active in secretion (Saito et al., 2009;
Stemple, 2005). Thus, it appears that sec24d is likely the paralog
expressed in the cells that highly secrete ECM proteins.
Secretory pathway is disrupted in vbi
Type II collagen is one of the major ECM proteins, and it is a
component of the notochordal sheath and craniofacial cartilage
(Aszodi et al., 1998). To investigate the secretion of type II collagen
in vbi, we used confocal microscopy coupled with the antibody
speciﬁc for type II collagen to examine the localization of this protein
in the secretory pathway. In WT, discoid-shaped chondrocytes were
arranged along the long axis of the cartilage (data not shown, but
similar to Fig. 2I). Type II collagen was localized along the outline of
the craniofacial cartilage and dotted inside the chondrocytes at st 38hevbi locus onLinkageGroup (LG) 18. Thenumber of recombinations is shownat the site of
onent of COPII, which consists of 5 distinct domains: aβ-barrel, a zincﬁnger, an a/bvWA38
cid (aa) protein. In vbi, nonsense mutation resulted in truncation, generating a 901-aa
(D). Dorsal (E) and lateral (F) views of embryos at st21 are shown. sec24d was strongly
at st28. Expression in the notochord was restricted within the posterior region (square
rs of pharyngeal arches and head skeleton (arrowhead in “G” and “H”), and pectoral ﬁn
ed in chondrocytes of otic vesicles, pharyngeal arches, and head skeleton (I,J). Expression
isc (arrowhead in “J” ). (K) Highly magniﬁed view of the trunk region at st 31 is shown.
(arrow). Scale bars indicate 500 μm in (D–K).
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arrangement was disturbed (data not shown, but similar to Fig. 2J).
Type II collagen had accumulated in the vbi cytoplasm and seemed to
be more abundant than in theWT (Fig. 4B). The notochordal sheath is
an acellular layer surrounding the notochord, and its inner surface is
in direct contact with the notochordal cells that secrete ECM proteins
such as type II collagen to form the notochordal sheath. In the WT,
type II collagen was localized as a thin layer surrounding the
notochord at st 31 (Fig. 4C); whereas in vbi, it accumulated in the
cytoplasm of the notochordal cells, but was not detectable as a layer
(Fig. 4D). These results suggest that type II collagen secretion was
disrupted, and formation of the cartilaginous matrix and notochordal
sheath matrix was insufﬁcient in vbi.
Sec24d is the gene responsible for vbi
Moreover, to assess whether mutation in the sec24d gene was
responsible for the phenotype of vbi, we injected antisense morpholino
oligonucleotides (MOs) that targeted the boundary of exon 18-intron
18, since the vbi mutation occurred in exon 20 (Fig. 4F). Then, we
examined type II collagen localization in the morphants by immuno-
ﬂuorescence analysis. The morphants displayed a mosaic-like pheno-
type at st38 (Fig. 4E). Although most of chondrocytes were discoid-
shaped, which was morphologically similar to WT, some chondrocytes
displayed accumulation of type II collagen in their cytoplasm in
morphants (arrow in Fig. 4E). This type II collagen accumulation was
observed in cytoplasm in 56 of 106 morphants. Taken together, MO
experiments demonstrated a partial defect that type II collagen was
accumulated in cytoplasm of some chondrocytes similar to vbi, but cell
shape did not become round, and remained as discoid similar to WT.
These results are explained by that; because the vbi phenotypes became
obvious at the later developmental stage: st38 (5 dpf), however, at this
later stage, MOs would have diffused and become degraded, not being
very effective for mimicking the vbi phenotype. Nonetheless, this result
supports our contention that sec24d gene was responsible for the vbi
phenotype.
3.7. Disruption of the secretory pathway affects ECM protein
transcription and the ER query control system
To investigate how disruption of the secretory pathway affects the
transcription of type II collagen, we examined the expression of type II
collagen mRNA by using RNA in situ hybridization. It was previously
reported that as the chordal mesoderm differentiates into mature
notochordal cells, type II collagen is down-regulated and that the cells
acquire large vacuoles (Coutinho et al., 2004). In the WT notochord at
st38, type II collagen mRNA expression was absent in the anteriorFig. 4. Type II collagen localization in vbi. (A–D) Immunoﬂuorescence analysis of type II collag
mandibular arch, in WT and vbi at st 38. Type II collagen was localized at the outline of cartila
accumulated within the chondrocytes (B). (C,D) Lateral views of the trunk region ofWT and
notochordal cells as particles inWT (C). Signals in notochordal sheath were not detected and
with those inWT (C). (E) Dorsal views of palatoquadrate inmorphants at st38. Arrowheads p
displayed mosaic-like type II collagen accumulation within their chondrocytes. (F) Antisense
vbi mutation point were designed. Partial genomic structure of sec24d is shown. Red bar i
Abbreviation: nc, notochord. Scale bars indicate 5 μm in (A,B,E) and 20 μm (C,D).region of the notochord, observed only in the hypochord and ﬂoor
plate (Fig. 5A). In contrast, the expression was retained in the anterior
region and up-regulated in the hypochord and ﬂoor plate in vbi at this
stage (Fig. 5B). In the craniofacial skeleton, type II collagen was
expressed at a higher level in vbi than in WT (Fig. 5C,D). These data
suggest that the cells expressing type II collagen in the vbi notochord,
hypochord, ﬂoorplate, and craniofacial chondrocytes sensed an
insufﬁcient ECM, prompting higher expression of type II collagen
transcripts in vbi than in WT. Despite disruption of the secretion
pathway, the transcriptional level was high in vbi, which would be
expected to cause severe accumulation of type II collagen in the cells. It
was previously reported that abnormal accumulation of misfolded
proteins in the ER causes ER stress, which triggers the response of the
ER quality control system (Ma and Hendershot, 2004). To investigate
the possibility of ER stress in vbi, we examined the expression of
Hsp47, a collagen-speciﬁc chaperon required for normal folding of
type II collagen in ER and regulated by the ER quality control system.
The result showed that hsp47 mRNA expression was up-regulated in
the craniofacial skeleton in vbi (Fig. 5F), indicating the enhanced ER
stress by type II collagen accumulation in vbi.Transmission electron microscopy analysis of craniofacial cartilage and
notochord
To further investigate how the protein accumulation affected the
intracellular state and ECM, we performed transmission electron
microscopy (TEM) analysis of the craniofacial cartilage. In the WT
hyosymplectic, which is a craniofacial cartilaginous element, the
chondrocytes were drawn up in order within a cartilaginous matrix
(Fig. 6A) and showed the typical organization of rough ER with
narrow cisternae (Fig. 6B) at 1 dph. In the vbi hyosymplectic, the
chondrocytes showed a disturbed alignment in the cartilaginous
matrix (Fig. 6C) and contained greatly distended rough ER cisternae
that included granular particles. In addition in vbi, the matrix deposits
around chondrocytes were slightly sparse and non uniform (Fig. 6D).
In contrast to rough ER , the Golgi apparatus showed normal
arrangement with narrow cisternae (Fig. 6D inset). It was previously
reported that Golgi function depends on COPII and COPI vesicle-
mediated membrane recycling (Bonfanti et al., 1998; Presley et al.,
1997; Scales et al., 1997). Therefore, membrane trafﬁc was partially
functional at least for maintaining the Golgi structure; although the
ECM protein secretion was not adequate in vbi.
Next we observed notochordal sheath and the neighboring cells
that made contact with it. The sheath in the WT was divided into the
mineralized region which is termed chordal centrum (Fig. 6E) and the
nonmineralized region, which is the primordium of the intervertebral
ligament (Fig. 6F). The sheath in the vbiwas thin. Moreover, in the vbien localization inWT and vbi. (A,B) Dorsal views of palatoquadrate, a component of the
ge and within the chondrocytes as dot-like ﬂuorescence in WT (A). Type II collagen had
vbi at st31. Type II collagen was localized in the notochordal sheath as a layer and within
the particle-like localization in the notochordal cells was increased in vbi (D), compared
oint to the chondrocytes, indicating type II collagen accumulation. Of 106morphants, 56
morpholino oligonucleotides targeting the exon–intron boundary just upstream of the
n “F” indicates MO-designed site, Red arrow in “F” point to the mutation point in vbi.
Fig. 5. Type II collagenmRNA expression in vbi. (A.B) Lateral views of anterior region of trunk inWT and vbi at st28. Type II collagenmRNA expressionwas absent in theWT notochord (A).
Type II collagenmRNAexpressionwas present, and a strong signalwas detected in the vbiﬂoor plate and hypochord (B) comparedwith that inWTones (A). (C–F) Ventral views ofWT and
vbi at st 31. (C, D) Type II collagenmRNA expressionwas very strong in craniofacial chondrocytes of vbi (D) comparedwith that inWT (C). (E,F) The hsp47 expressionwasmaintained at a
high level in vbi (F) compared with that in WT embryos (E). Abbreviations: nc, notochord; fp, ﬂoor plate; hc, hypochord.. Scale bars indicate 50 μm in all ﬁgures.
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distinguished clearly, because the density of collagen ﬁbrils was
sparse; and other non ﬁbrillar matrix proteins conceivably such as
proteoglycans and bone matrix were absent. These features in vbi are
similar to those of 4dpf WT when onset of mineralization starts.
(Inohaya et al., 2007). Furthermore, we observed a diluted ER in the
lining cells along both the outer and inner surfaces of the notochordal
sheath (Fig. 6G). Taken together, our observations indicate that
notochordal sheath formation was delayed in vbi, which was causedFig. 6. TEM analysis of chondrocytes in head cartilage and notochord. (A–D) Analysis of chond
WT chondrocytes are piled up in order within the cartilaginous matrix (A). Alignment of cho
and “C”. Chondrocytes contained greatly dilated rough ER (red asterisks), and the cartilagin
red-boxed region in “D”. Golgi complex was normal in vbi. (E–G) TEM analysis of notochorda
sections of WT (E,F) and vbi (G) at 1 dph. The notochordal sheath was directly mineralized (
and each ﬁbrillar matrix was distinguished clearly. The cells on the outer and inner surfaces
1 μm in (B,D), 0.1 μm in (D') and 0.5 μm in (E,F,G).by defective ECM secretion from lining cells along both the outer and
inner surfaces of the notochordal sheath.
Sclerotome localization and differentiation is disturbed in vbi
The notochord plays an important role in early development as a
signal center that induces sclerotome and muscle pioneer cells. To
investigate whether this induction was normal in the vbi mutant, we
examined the expression of pax9, which is a sclerotome marker, androcytes in hyosympletic by TEM. Transverse sections ofWT (A,B) and vbi (C,D) at 1 dph.
ndrocytes was disturbed in vbi (C). (B,D) Highly magniﬁed views of chondrocytes in “A”
ous matrix was distributed nonuniformly in vbi (D). (D') Highly magniﬁed view of the
l sheath and outer and inner cells adjoining the notochordal sheath viewed in horizontal
E), and was thickened in the intervertebral region (F) in WT. In vbi, the sheath was thin,
of the notochordal sheath contained dilated ER. (G). Scale bars indicate 2 μm in (A,C),
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et al., 2008; Ristoratore et al., 1999). The expression of each marker
was the same betweenWT and vbi. These data indicate that induction
of sclerotome and muscle pioneer cells was normal and that the
notochordwas functional as a signal center in vbi (data not shown). At
the later stage when vertebrae ossiﬁcation occurs, we traced
localization of sclerotomal cells around the notochord by using a
transgenic medaka that expressed the enhanced green ﬂuorescent
protein (EGFP) under the control of the promoter of twist, a typical
sclerotome marker (Inohaya et al., 2007; Yasutake et al., 2004). In the
WT at 1 dph, EGFP-positive cells mainly lined the non mineralized
region around the notochord with a segmental patterning (Fig. 7A). It
is thought that twist-positive sclerotomal cells are mainly localized
around the presumptive intervertebral region and that some of themFig. 7. Osteoblast lineage cells around the notochord in vbi. (A–D) Lateral views of WT
and vbi at 1 dph, expressing the twist promoter–EGFP as a transgene. Mineralized
tissues were stained with Alizarin complexion. In the WT, EGFP-positive cells (green)
were localized on the outer surface of the intervertebral ligament at 1 dph. Bony tissues
(red) and intervertebral ligament displayed a segmental pattern (A). In vbi, EGFP-
positive cells were localized broadly compared with those in WT, although the rough
segmental pattern was observed at1 dph (B). The arrow in “B” shows onset of partial
mineralization. At 3 dph, mineralization of vertebra became advanced in WT (C). In vbi,
partial bony tissues were observed (arrow in “D”). Disturbed localization of EGFP-
positive cells were also observed. The prospective region of the centrum was invaded
by EGFP-positive cells (arrowheads in “D”). The asterisk in “D” denotes the absence of
EGFP-positive cells in this place. (E-H) Horizontal sections of WT and vbi at 1 dph. The
sections were stained for alkaline phosphatase activity (ALP) and counterstained with
methylene blue. Anterior is to the left. In the WT, ALP activity was detected around the
centrum (E). In vbi, a little ALP activity was detected (F). (G,H) Highly magniﬁed views
of “E” and “F”. ALP activity was detected at the anterior end of the prospective centrum
(H). Scale bars indicate 50 μm in (A–D), 40 μm in (E,F) and 20 μm in (G,H).localized on the future mineralized region will differentiate into ALP
(alkaline phosphatase)-positive osteoblasts. In vbi, the localization of
EGFP-positive cells was broad and disturbed compared with that in
theWT , although rough segmental localizationwas observed at 1 dph
(Fig. 7A,B). At 3 dph in the vbi larva, some of the EGFP-positive
sclerotomal cells still lined the presumptive centrum region and
remained as undifferentiated cells. In contrast, a part of the EGFP-
positive cells were missing in the presumptive intervertebral region
where the EGFP-positive cells were dominantly localized in WT
(Fig. 7C,D). These data indicate that proper sclerotome localization
was disrupted in vbi. Next, to investigate sclerotomal cell differenti-
ation into osteoblasts, we examined ALP activity. At 1 dph in the WT,
ALP activity was observed around the centrum and at the edge of the
intervertebral region; and these ALP-positive cells would be expected
to initiate mineralization (Fig. 7E,G). However, only a little ALP
activity was detected at the anterior end of the presumptive centrum
in vbi at 1 dph (Fig. 7F,H). These results indicate that sclerotomal cell
differentiation into osteoblasts was delayed in vbi.sec24d is important for myoseptum formation and connection between
muscle ﬁbers and myoseptum
Furthermore, we observed type II collagen accumulation in the
cells that abutted the myoseptum in vbi (Fig. 8B). In contrast, only
weak signals for type II collagen were observed in the myoseptum of
the WT (Fig. 8A). The myoseptum of ﬁshes, which is composed of
dense collagen, is a connective tissue layer that serves as the
transmitter of muscular contractility to bones and adjoining muscles
(Summers and Koob, 2002). As we conﬁrmed type II collagen
expression around the myoseptum by using RNA in situ hybridization
(data not shown), type II collagen would be correlated with
myoseptum formation in medaka, although its mode of function is
unclear. Since sec24d plays an important role in secretion of type II
collagen in the myoseptum, we assumed that alteration of the
myoseptum caused by disrupted ECM proteins such as type II collagen
would have an effect on the connection between muscle ﬁbers andFig. 8. Analysis of myoseptum and skeletal muscle. (A–D) Lateral views of the trunk
region of WT and vbi larva at 1 dph, observed by confocal microscopy. (A,B) Anti-type II
collagen antibody staining in WT (A) and vbi (B). Type II collagen (red) had
accumulated in the myoseptal cells in vbi (B), although only a very weak signal was
detected in WT (A). (C,D) F-actin staining using Alexa Fluor 568 phalloidin in WT (C)
and vbi (D). Most muscle ﬁbers were stretched between each myotome in WT (C);
however, in vbi, the direction of muscle ﬁbers was disturbed partially (D); and the ends
of some muscle ﬁbers had become unraveled (arrow in “D”).
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staining using Alexa Fluor 568 phalloidin and confocal microscopy to
examine the skeletal muscle of the trunk region. The diameter of
individual muscle ﬁbers was not signiﬁcantly different between WT
and vbi (Fig. 8C, D), indicating that myogenesis was not affected in vbi.
However, we observed misdirected and kinky muscle ﬁbers; and the
ends of the muscle ﬁbers were not obvious in vbi (Fig. 8D). These
results indicate that the connection between muscle ﬁber and
myoseptum was partially disrupted in vbi, suggesting that sec24d
was important for the matrix stabilization of the myoseptum and the
connection between muscle ﬁber and myoseptum.
Discussion
In this study, we characterized the medaka mutant vbi, which
exhibits skeletal defects such as malformation of craniofacial cartilage
and delay of vertebra mineralization. Positional cloning analysis
revealed a nonsense mutation in sec24d, one of the 4 sec24 isoforms in
medaka. Sec24d is a component of the COPII coat, which plays a role in
the anterograde protein trafﬁcking from ER to the Golgi apparatus
(Bonifacino and Glick, 2004). Membrane trafﬁc from the ER to the
Golgi is essential for all cells. In the COPII coat complex, Sec24 has
been implicated in the shaping of the COPII coat, and also in the
selection of the cargo protein to be transported (Aridor et al., 1998;
Miller et al., 2002; Pagano et al., 1999). Interestingly, sec24d in
medaka was highly expressed in developing notochord, craniofacial
chondrocytes, and cells on the myoseptal boundary; though it might
be misunderstood as a housekeeping gene. We observed type II
collagen accumulation in these cells and a sparsity of surrounding
connective tissues. So we concluded that sec24d plays an important
role in secretion of the ECM proteins from cells in craniofacial
cartilage, notochord, and myoseptum.
The question arises as to why the vbi embryo is viable until later
developmental stages, although depletion of sec24p, a sec24 homolog
in Saccharomyces cerevisiae, causes exaggeration of the ER, resulting in
lethality in S. cerevisiae (Kurihara et al., 2000). One possibility is that
the other sec24 paralogs work redundantly. A previous study in
human cells revealed that the single knock down of one of the SEC24
family genes produced minimal effects on di-acidic signal-mediated
export with the exception of SEC24A knock down; although each
SEC24 paralog showed binding preference for the signals (Wendeler
et al., 2007). In addition, the 4 SEC24 family proteins in humans can be
divided into 2 groups according to their binding speciﬁcity for SNAREs
(Mancias and Goldberg, 2007; Mancias and Goldberg, 2008) These
ﬁndings suggested that there are overlapping and non-overlapping
aspects in cargo sorting. TEM analysis revealed that the Golgi
structure was largely unperturbed in vbi, although ER dilation and
defective ECM deposition was observed in the mutant. These data
indicate that COPII-mediated transport is functional to some extent,
since COPII and COPI-mediated membrane recycling is required for
maintenance of the Golgi apparatus. Presumably, the vbi phenotype
appears in the part for which other sec24 paralogs are not able to
compensate enough. A difference between sec24d and the other sec24
paralogs was found in terms of their expression patterns. sec24d
showed clearly high expression in speciﬁed tissues, whereas the other
sec24 paralogs were expressed ubiquitously or more broadly.
Tissues expressing sec24d at a high level commonly generate a
large amount of ECM including collagen. The ECM-rich character
would require a highly efﬁcient COPII-mediated protein transport.
This assumption is backed up by previous reports describing the
zebraﬁsh sec23a mutant, crusher, and knock down of sec13a in
zebraﬁsh show a sparse ECM matrix, dilation of the ER, and type II
collagen accumulation in craniofacial chondrocytes similar to those in
vbi (Lang et al., 2006; Townley et al., 2008). Our data conﬁrmed that
craniofacial cartilage formation requires a highly efﬁcient COPII-
mediated protein transport. In addition, we discovered that sec24dwas required for development of the notochord, vertebra, and
myoseptum. Abnormal phenotypes in these tissues are likely to be
based on their high demand for secretion of ECM components.
Notochordal cells share many features with chondrocytes. They
express many genes such as those encoding type II and type IX
collagen, aggrecan, Sox9, and chondromodulin, all of which are
characteristic of cartilage (Stemple, 2005). A previous work suggested
that failure of COPI-mediated anterograde protein trafﬁcking causes a
defect in notochordal sheath formation, which would require a large
amount of protein trafﬁcking compared to other tissues (Coutinho
et al., 2004). Osteoblasts secrete a large amount of bone matrix
components including type I collagen and others. The myoseptum is
the rigid structure that transduces the contraction of muscle to bones
and adjoining muscles. The myoseptum is composed of densely
arrayed collagens (Summers and Koob, 2002). Taken together with
the ECM-rich character of these tissues and the speciﬁc expression
pattern of sec24d contrary to that of the other sec24 paralogs, sec24d
might be regulated by the cellular demand for secretion. A recent
work in mice revealed the regulation of Sec23a transcription to be
under the control of BBF2H7, an ER-resident basic leucine zipper
transcription factor, which is activated in response to ER stress.
Chondrocytes during development generate a large amount of ECM
proteins, which causes ER stress leading to the activation of BBF2H7.
Those ﬁndings suggested a system by which cells ensure the capacity
of transport from ER to the Golgi apparatus according to generation of
cargo protein. The expression of Sec24d is regulated by a different
pathway than Sec23a, for at least BBF2H7 is not involved in the
regulation of Sec24d expression (Saito et al., 2009); although the
expression pattern of sec24d in medaka closely resembled that of
sec23a in zebraﬁsh (Boyadjiev et al., 2006) It is an interesting issue as
to how sec24d expression is regulated or how sec24 family genes are
used according to the binding preference of their products for cargo
proteins.
The sec24d expression pattern was closely related to that of
ﬁbrillar collagen. Fibrillar collagen exits from the ER as large 300-nm
procollagen bundles, although typical COPII coat vesicles are 60 to
90 nm in diameter (Bonfanti et al., 1998;Mironov et al., 2003). Studies
on mammalian cells showed that a large procollagen cargo might be
transported to the Golgi apparatus by a specialized ER–Golgi
intermediate compartment known as the ERGIC (Stephens and
Pepperkok, 2002). To solve a subject as to how sec24d operates in
the secretion of such large collagen bundles, more investigation is
required.
Previously, we reported themanner ofmedaka vertebra formation.
This formation can be divided into 2 successive steps, chordal centrum
formation followed by perichordal centrum formation. The chordal
centrum is formed by direct mineralization of the notochordal sheath,
an acellular layer surrounding the notochord (Inohaya et al., 2007).
Therefore, it is easy to assume that the ECM of the notochordal sheath
functions importantly as the basis by which the bone mineral is
attached. TEM analysis revealed that notochordal sheath in vbi was
thin, its collagen ﬁbrils were sparse, and other non ﬁbrillar matrix
proteins, presumably proteoglycans and bone matrix, were absent.
The notochordal sheath of vbi might not have acquired the capability
as the basis for attachment of bone mineral. Even so, delay of vertebra
formation would not be simply caused by the material characteristics
of the notochordal sheath.
The ECM surrounding the notochordal sheath has important roles
in the differentiation of notochord cells and neighboring cells
(Parsons et al., 2002) (Coutinho et al., 2004; Pagnon-Minot et al.,
2008). Furthermore, several experiments have presented evidence
that the ECM produced by both sclerotomal cells and notochord are
important for the migration of sclerotomal cells (Christ et al., 1992).
We observed that the differentiation of sclerotomal cells into ALP-
positive osteoblasts and migration of sclerotomal cells were defective
in vbi. Conceivably, direct interaction between sclerotomal cells and
94 S. Ohisa et al. / Developmental Biology 342 (2010) 85–95some signaling molecules on the surface of the notochordal sheath is
important for the sclerotome differentiation and migration. Previous
studies revealed that several soluble signaling molecules, e.g., shh,
noggin, and BMP, and several transcriptional factors, e.g., pax1, pax9,
Msx1 and Msx2, are responsible for the initiation of sclerotome
formation and the proliferation and differentiation of sclerotomal cells
(Christ et al., 1992). However, the role of cell–matrix signaling events
is poorly understood. Our present ﬁndings suggest that the noto-
chordal sheath would have not only a structural role but also serve as
a scaffold for signaling molecules related to the differentiation and
migration of adjacent cells.
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